This paper describes the formation of mono-domain highly ordered nanoporous alumina on the scale of a 2 inch diameter silicon wafer by anodization of aluminium evaporated on a patterned SiO 2 mask on a silicon substrate. The position of the ordered pores correlates with holes in the SiO 2 mask, which guide the electric field during anodization and initiates pore nucleation. The technique is suitable for the production of ordered nanoporous alumina on a wafer scale and overcomes the time, cost and scale limitations of existing processes.
Introduction
Nanotemplates are a fundamental building block in nanodevices in a variety of fields such as electronics, optoelectronics, magnetic recording and biomedicine. Modern lithography techniques offer flexibility and control in fabricating nanostructures, but these techniques are limited by low throughput and economic constraints [1] . Porous anodic alumina (PAA) with highly ordered hexagonal geometry and tuneable pore sizes has been the focus of attention among researchers and scientists for more than a decade for the fabrication of nanostructures [2] [3] [4] . The low cost and ease of fabrication of porous alumina has made it an ideal template for the fabrication of multi-functional nanostructures for various applications in the field of nanotechnology [5, 6] .
While self-ordered porous alumina membranes have been prepared under controlled conditions the manufacture of highly ordered porous alumina is often limited by the domain size of the material, which is typically in the range of just a few microns [2] . In recent years a guided pore technique has been adopted to obtain highly ordered pore arrangements over an area larger than individual domains. Masuda et al were the first to develop guided pore technology [7] and used an SiC stamp to produce ordered arrays of nanodivots on the 4 Author to whom any correspondence should be addressed. aluminium surface prior to anodization. These nanodivots on the aluminium surface provided seeds for pore nucleation and produced highly ordered pore arrangements over a relatively small area of approximately 4 × 4 mm 2 , limited by the stamp size. Recently, other techniques, such as electron beam lithography, focused-ion-beam lithography and nickel stamping, have been used to pre-pattern the aluminium surface prior to anodization [8] [9] [10] . However, these methods are not feasible for the manufacture of highly ordered structures over a wafer scale because of high cost and low throughput, or involve step-and-repeat processing which introduces stitching errors.
In a number of applications, such as photonic crystals, there is a need for a highly ordered array area beyond the size of individual domains observed in self-ordered porous alumina and the scale constraints imposed by techniques such as high pressure stamping or electron beam lithography. Another limitation is that process or device integration often requires the formation of a highly ordered porous alumina template on a range of substrate materials using a deposited aluminium thin film. The surface roughness and granularity of such films, notably evaporated aluminium layers, introduce other process hazards that can impact on pore formation during anodization and reduce the ordering of the nanoporous structure.
In this paper we present a novel approach of producing mono-domains of porous alumina from an evaporated aluminium film on a wafer scale. In the work reported here a 2 inch diameter silicon substrate was used for convenience but larger-diameter wafers can be processed using the same method. Rather than generating nanodivots on the aluminium surface by etching or stamping to form nucleation sites for the pores, the concept of electric field guidance via a nanopatterned dielectric layer beneath the aluminium layer is introduced. This method is also shown to be effective in eliminating the effects of granularity and surface roughness of the deposited thin aluminium films.
Experimental details
The electric field is the main driving force behind the pore growth [11] . In order to introduce an array of sites of enhanced electric field to guide pore formation during anodization, a thin film of silicon oxide deposited on the substrate was initially patterned by nano-imprint lithography, as shown schematically in figure 1 .
A thin layer of SiO 2 (5-20 nm) was deposited by plasmaenhanced chemical vapour deposition (PECVD) on a 2 inch diameter silicon wafer. An ultraviolet (UV)-sensitive imprint resist was then spin-coated on the substrate and then soft baked at 115
• C for 3 min ( figure 1(a) ). The nano-imprinting step involved using a roller to press a disposable master into the resist with only light force. In the work described here a simple hand roller was used and a polyethylene terephthalate (PET) disposable master was used with a 230 nm inter-pore spacing. After a short exposure to UV light the imprint master is easily released to create an array of peaks and depressions in the resist with a sine-wave-like cross section ( figure 1(b) ) determined by the interference lithography technique used to make the disposable masters [12] . Full details of the nano-imprinting process can be found in [13] , which has been successfully used for wafer scale pattern transfer into silicon substrates.
The residual layer of the nano-imprinted resist was removed by oxygen reactive ion etching to expose the underlying silicon oxide layer, which was then patterned by inductively coupled plasma etching using CHF 3 to reveal the underlying surface of the conducting silicon substrate at selected points ( figure 1(c) ). After this step, there is no nano-imprint resist and SiO 2 left in the holes. Then a 650 nm aluminium thick film was evaporated at a pressure of 2 × 10 −6 mbar onto the structure using a thermal evaporator (Edwards 306) to create the structure in figure 1(d) . In order to make a good electrical contact for anodization of the evaporated aluminium, metal (gold is used for good electrical contact) was evaporated on the backside of the silicon wafer (figure 1(e)). To facilitate the formation of highly order porous alumina as a result of the guided electric field (figure 1(f)), the anodization voltage was selected to match the 230 nm inter-pore spacing imposed by the nano-imprinting [14] to form the structure shown in figure 1(g). The anodization was carried out in an anodization cell that can be adapted to take 2 and 4 inch wafers (figure 2). The temperature of the electrolyte was maintained at 18
• C by an in-house cooling system. The anodized specimen was immersed in 5% H 3 PO 4 for pore widening for 5 min at 30
• C.
Guided electric field mechanism
When the aluminium is evaporated onto the nano-imprinted silicon oxide structure, the ordered holes in the silicon oxide are filled with aluminium which directly contacts the silicon substrate ( figure 1(e) ). During anodization of the aluminium the nano-imprinted holes through the SiO 2 layer on the silicon substrate provide conduction paths so that the applied voltage drops preferentially across the interface between the electrolyte and the aluminium film, effectively guiding the pores to form in the array of holes in the SiO 2 layer. Figure 1 (f) schematically shows the electric field guiding by the holes in the SiO 2 layer where the pores nucleate during anodization ( figure 1(g) ).
When the aluminium anodization process begins a dense oxide layer (barrier layer) is initially formed on the surface and cracks/defects then appear on the surface due to movement of ions across the barrier layer [11] [12] [13] [14] [15] . Normally these cracks merge together to form cavities (concave pattern) at random positions. Pores then nucleate and grow in these cavities. In the anodization process, pore nucleation starts at the bottom of these cavities due to oxide dissolution assisted by the electric field. In our technique, pore nucleation starts at ordered locations guided by the electric field through the patterned silicon oxide layer on the silicon wafer. When these pores are seeded they correspond to the pattern of the disposable master and the formation and dissolution of the aluminium oxide layer occurs preferentially at the bottom of these concave sites, leading to initiation of pore growth. Since the minimum thickness of the barrier layer is at the centre of the bottom of the pore ( figure 1(g) ) the electric field is stronger in this area. As a result pores grow vertically downwards under the action of the enhanced electric field and are aligned exactly with the holes etched into the silicon oxide. In addition, the pore diameter will be determined by the anodization conditions and will be independent of the diameter and shape of the holes in the SiO 2 film.
Results
A typical SiO 2 pattern on the front side of the Si wafer which was created by depositing a thin film (5-20 nm) of SiO 2 followed by nano-imprinting and reactive ion etching is shown in figure 3 . This structure can be regarded as equivalent to the schematic of figure 1(c). Ordered arrays of holes with a pseudo-hexagonal array that match the pattern on the imprint master can be observed on the thin layer of SiO 2 . The pitch of the pseudo-hexagonal array is 230 nm and the elongation of holes which result depend on the type of disposable master used [13] . For the holes to act as conduction sites in the aluminium film during the anodization step, the holes must penetrate down to the underlying silicon. This was achieved by over-etching the SiO 2 , at the cost of some loss of regularity in the shape of the holes. As will be seen, the irregular shape of the holes is unimportant, since a choice of anodization voltage commensurate with pore formation on a 230 nm hexagonal spacing suppresses any tendency for pores to form at interstitial sites between the holes in the SiO 2 layer [16] and ensures that pores form only over the holes in the SiO 2 layer. Figure 4 shows an SEM image of the evaporated aluminium surface prior to anodization.
There are no obvious divots observed on the surface of the aluminium. The aluminium film evaporated onto the patterned silicon oxide was then anodized in phosphoric acid under constant voltage conditions. As stated in the experimental details, the anodization voltage was selected according to the 230 nm interpore spacing of the disposable master to facilitate the formation of highly ordered alumina that matched the underlying silicon oxide pattern. There is a linear relationship between inter-pore spacing and applied voltage with a proportionality constant 2.5 nm V −1 [16] . Since the inter-pore spacing of the disposable master was 230 nm, the aluminium anodization was performed • C for 5 min. Figure 5 shows a scanning electron microscopy (SEM) image of the surface ( figure 5(a) ) and the cross section ( figure 5(b) ) of the final anodized aluminium film.
The resulting array of pores is highly ordered with a period of 230 nm, exactly matching that of the underlying pattern of guiding holes with no sign of domain boundaries. The crosssectional view in figure 5(b) shows the vertical growth of pores as a result of the guided electric field in the aluminium film. It can be observed that the nanopores are straight, parallel-sided structures perpendicular to the surface. This also confirmed that highly ordered pore growth was maintained to the bottom of the porous alumina film. The pores are circular and highly regular, unlike the holes in the SiO 2 . The diameter of the pores is controlled by the anodization conditions and postanodization etching step, not by the shape of the holes in the SiO 2 . The average diameter of pores is 108 nm while the average size of the holes in SiO 2 is 60 nm × 120 nm.
Experiments were performed to compare the performance of the new process with a direct method of defining pore nucleation sites by using nano-imprinting to define divots in the surface of an aluminium film. A thin film of aluminium was evaporated onto a 2 inch silicon wafer under similar conditions to those used in the field guiding method, at a base pressure at the start of the evaporation of ∼2 × 10 −6 Torr to ensure comparable surface roughness. A regular hexagonal array of shallow divots with a pitch of ∼230 nm was etched in the surface of the aluminium film using H 3 PO 4 /HNO 3 /CH 3 COOH with the nano-imprint resist as the etch mask using the patterning process shown schematically in figures 6(a)-(c).
Typical results of the divot formation process are shown in figure 6(d) . The patterned aluminium film was then anodized in H 3 PO 4 at a voltage commensurate with pore formation on the pitch of the hexagonal array of divots. The resulting pores are shown in figure 6(e) . Like the field guiding process, domain formation is suppressed and the array of pores shows long range order. However, the occurrence of point defects in the array pores is significantly higher. Two types of defect occur, both deriving from the granularity typical of evaporated aluminium films. The first type of defect is the complete absence of a pore which occurs when the residual layer of the imprint resist is not completely removed, a process fault associated with the relatively high surface roughness of the evaporated aluminium films used. The second type of fault is a highly misshapen pore which is sometimes displaced from the exact lattice point. This occurs at points of locally high surface roughness of the aluminium film. Both types of defect can be clearly seen in figure 6 (e) and can only be completely suppressed by using epitaxial aluminium films which can only be grown at very low residual oxygen pressure in the evaporator.
The new field-guided process reported here does not suffer from this limitation. The reliability of the nano-imprinting is now determined by the very low surface roughness of typical semiconductor substrates and CVD SiO 2 layers. The insertion of the patterned SiO 2 layer causes a strongly localized lateral periodic variation in the voltage drop across the interface between the aluminium and the porous oxide formed on its surface to ensure guidance of the pore formation at sites determined by the underlying pattern. Whilst the strength of the lateral variation in the anodizing potential will depend on the thickness of the SiO 2 layer, in practice it is unlikely this will be a critical factor in deploying the new process for creating highly ordered porous alumina films over large areas. Owing to its high resistivity, even a very thin patterned SiO 2 layer will induce a larger lateral field variation than a typical divot-based procedure, as figure 6(e) indicates. The wafer scale nature of the ordering of the pores achieved by the new field-guiding method was confirmed by examining a variety of locations over the whole 2 inch wafer as shown in figure 7 . The area of the mono-domain highly ordered nanoporous alumina produced by this method far exceeds that reported by other methods such as guided pore technology, electron beam lithography, focused-ion-beam lithography and nickel stamping anodization [7] [8] [9] [10] . This demonstrates that wafer scale mono-domain porous alumina templates have been achieved. Further the granularity of the as-evaporated aluminium film has had no effect on either the shape of the pores or their mono-domain ordering, thus eliminating another obstacle, achieving low cost wafer scale highly ordered nanoporous templates.
Conclusions
This paper has presented a new technique to fabricate monodomain highly ordered porous alumina on a wafer scale on a silicon substrate. The technique employed in this work uses a guided electric field for seeding pore nucleation rather than mechanically generating nanodivots on the aluminium surface. The electric field is guided by conductive holes created by nano-imprinting a silicon oxide layer on a silicon substrate using low cost disposable masters. The process enables the production of highly ordered pores on scales much larger than previously reported. The method is relatively simple and can overcome many disadvantages (time, cost, scale limitations and aluminium film granularity) of other patterning methods such as focused-ion beam, electron beam lithography and nanostamping. The low cost and ease of the nano-imprinting technique on a wafer scale makes the method reported in this paper to be particularly suited for the large scale manufacture of highly ordered porous anodic alumina.
